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The principle behind TPSPM ( Fig. 1 ) is to generate a high concentration of agonist in a small volume by localized photolysis of a bath-applied photoactivatable or caged agonist (CA) (7, 8) . If this volume is adjacent to ionotropic cell membrane receptors for that particular agonist the corresponding ion channels open, in turn admitting a current whose magnitude flects the number of activated receptors at that particular location. The position of the focus of the uncaging laser beam and with it the location of high agonist concentration is scanned across the cell under investigation and the whole-cell current is recorded (9) at the same time. The observed current magnitude is used to control the darkening of the corresponding pixel. The resulting "photoactivated" current (Ip4) image reflects the receptor distribution on the cell (see Fig. 2 ). TPSPM is much faster (Fig. 2b was acquired injust over 2 min) than iontophoretic mapping, does not require mechanical access for an iontophoresis pipette, and does not generate ejection-current artifacts. In TPSPM, unlike with binding assays, receptors stay functional and only functional receptors are detected.
The use of pulsed red or infiared light in conjunction with simultaneous two-photon absorption to release CA instead of using single-photon absorption at ultraviolet wavelengths (10, 11) has several advantages (12) (13) (14) . The optical resolution-i.e., the smallness ofthe region oflargest excitation-is generally not improved (13) by using two-photon excitation since the increase in the size of the diffraction-limited focal spot by using twice the wavelength of one-photon excitation is only partially compensated for by the sharpening due to the nonlinear absorption (for Gaussian beams the loss in resolution is NF2). But the optical localization-i.e., the speed with which the excitation falls off with distance from the focal point-is dramatically improved due to the quadratic dependence of the absorption probability on the light intensity in combination with the strong focusing of the uncaging beam ( Fig. 1) , which confines the majority of all excitations to a volume of <1 fi (1 Mm3) around the focal point. The resulting background rejection is indispensable in photoactivation applications since, unlike in fluorescence-or backscattening microscopy, no additional spatial locazation and discrimination can be achieved by spatially filtering the elicited signal. Such spatial filtering is, however, the basis for the optical sectioning properties of the one-photon confocal microscope (15) . Major agonist release outside the focal plane, inevitable under one-photon excitation, does not occur with two-photon excitation (12) . Thereby one avoids (i) blurring of the image as in nonconfocal fluorescence microscopy, (i) activation ofbackground current with its associated channel-gating noise, (iii) global receptor desensitization, and (iv) depletion of the supply of CA. Other advantages are reduced out-of-focus photodamage (see below) and improved depth penetration in thick specimens due to lack of out-offocus (inner) absorption (16) by the CA itself and due to greatly reduced scattering at longer wavelengths (17) .
MATERIAL AND METHODS
To achieve a sufficient rate of two-photon absorption at tolerable average power levels ultrashort pulses have to be used (12) . I used the output from a colliding pulse modelocked dye laser (18) with rhodamine B as a gain medium and 3,3'-diethyloxacarbocyanine iodide as a saturable absorber providing pulses with a pulse length below 100 fs at a repetition rate of 150 MHz and an average power of about 50 mW, of which about 18 mW reached the sample. Rhodamie B rather than the originally (18) used rhodamine 6G was chosen as gain dye since that resulted in a lasing spectrum shifted to slightly longer wavelengths, centered at 640 nm.
The laser beam was focused to a diffraction limited spot using a 40x/1.3 numerical aperature objective lens (Plan Neofluar; Zeiss) while scanning was performed using a laser scanning microscope (MRC600; Bio-Rad) that was modified as follows: scan mirrors were brought into close proximity, with the intervening optics removed; the eyepiece was re-Proc. Nati. Acad. Sci. USA 91 (1994) Agonist is released, after two-photon absorption, from a "caged" precursor only in the focal region of the highly focused laser beam (shaded double cone) and then binds to nearby receptors. Correspondingly activated channels then allow the flow of an ionic current across the cell membrane. The current is then detected with a patch-clamp electrode operating in the whole-cell configuration.
placed by an achromatic doublet (f = 80 mm) to reduce the effective separation ofthe scan mirrors at the objective's rear focal plane; the signals controlling mirror deflections and data acquisition were generated using custom software and an additional analog interface board because the original instrument allowed neither slow enough scan speeds nor random scanning.
Whole-cell recordings were made using standard techniques (9) . The solution inside the recording pipette contained potassium methanesulfonate (120 mM), Hepes (5 mM), EGTA (10 mM), and MgCl2 (2 mM). Pipettes were pulled from borosilicate glass capillaries, slightly heat polished, and had resistances of [5] [6] [7] Mf, yielding access resistances of [7] [8] [9] [10] [11] [12] MCi. At the -60 mV holding potential, which was used throughout, the seal leakage currents were typically <10 pA and the whole-cell holding currents were <25 pAjust after establishing whole-cell recording conditions by applying a suction transient. All experiments were done at room temperature. Cells were bathed in Dulbecco's modified eagle medium (DMEM) (Sigma) lacking phenol red but with the addition ofHepes buffer (25 mM) and sodium bicarbonate (10 mM) with the addition of free or CA as indicated. The pH of all solutions was adjusted to 7.3. Caged carbamoylcholine {N-[(a-carboxy)-2-nitrobenzyl]carbamoylcholine trifluoroacetate; Molecular Probes} was purified before use on a reverse-phase HPLC column (Deltapack; Waters) largely as described (19 
RESULTS
In the brain's intertwined network of cellular processes binding studies using labeled ligands often do not allow the assignment of receptors to a particular cell. This is a severe drawback if specific connections are to be traced. TPSPM, on the other hand, specifically detects receptors on the one cell that was selected for whole-cell recording. Single-cell specificity is illustrated in Fig. 2 Fig. 4b , avoids artifacts that are caused by the sequential release of (diffusible) agonist in nearby pixel locations along a scan line. For example (Fig. 2) , as the scanned beam approaches the cell membrane from the outside it is accompanied by a diffusive wave of previously released agonist, leading to a larger response than if the beam comes from the inside of the cell, which is devoid of caged precursor and is, in addition, separated by the cell membrane, which acts as a diffusion barrier. Note that Fig. 4 shows significant Ipa spots for beam positions seemingly inside the cell. These features were found on several cells and-like the circumferential responses-were suppressed by predesensitization (see below), suggesting that the nAChR distribution extends into membrane invaginations, which are typical for these cells (22) .
Appropriately timed acquisition combined with periodic shuttering ofthe laser beam was used in random scanning and is illustrated in Fig. 5 . Photolysis and receptor activation occur on a submillisecond time scale (19, 24 Fig. 2 b and c was 360 pA, corresponding to about 150 open channels (25) . The background noise level with CA was 16 pAm, (in a bandwidth of about 70 Hz as determined by the pixel dwell time) compared with roughly 1.5 pA without CA. Therefore, the dominant current-noise source is the channel gating noise due to dark activation (equivalent to 2-5 mM free carbamoylcholine) by CA itself or by a small amounts of free carbamoylcholine present in spite of HPLC purification (19) . A reversible reduction of Ip., consistent with desensitization, was observed if a cell was exposed to CA (500 mM) for extended periods (>10 min).
A potential limitation in all photoactivation experiments is the damage caused by intrinsic absorption of the excitation light. In TPSPM damage due to intrinsic two-photon absorp- were visited exactly once in pseudo-random sequence generated using a linear congruential method (23) . At each location the laser shutter (see also Fig. 5 ) was opened for 35 ms after which the scan location was changed to the next pixel in the sequence, which was exposed after a delay of 55 ins. The Fig. 3 demonstrates, even after repeatedly scann the same cell-with or without CA-at slow scannng ats (5-10 ms per pixel) required for photochemical iangthe holding current was still rather low. For proteins the intrinsic (one-photon) absorption, which can often be used as rough guidance (12) for the existence of two-photon absorption at twice the wavelength, increases strongly below a wavelength of 300 nm (30) (corresponding to two 600-nmn photons). The longest wavelengths compatible with the absorption spectrum of the caging group (19) The approach described here should be easily expandable to other ligand-gated ion channels. And since the development ofphotoactivatable probes for biological applications is a rather active field (7, 8, 26) we can expect synthesis of new caged agonists conceivably even with their properties specifically tailored to the needs of TPSPM. In thick preparations of complex tissues-e.g., in brain slices-the unique optical sectioning properties, the reduced photodamage, and the selectivity for receptors on the cell from which one is recording are expected to make two-photon photochemical microscopy the method of choice for receptor Neurobiology: Denk p gers such as inositol 1,4,5-trisphosphate, GMP, or calcium (7, 8, (27) (28) (29) to elucidate mechanism of intra-rather than intercellular signaling. 
